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ABSTRACT
A dynamic actin cytoskeleton in central nervous system (CNS) neurons is pivotal 
for regeneration. Following acute CNS trauma, the proinflammatory cytokines TNFa 
and IL-ip become expressed in cells and induce Racl-mediated actin filament 
reorganization. Also, Racl regulates a NAD(P)H oxidase activity that generates 
superoxide ('O2). This study’s objective was to determine whether TNFa and/or IL-1 (3 
induce a Racl-dependent actin filament reorganization in SH-SY5Y neuroblastoma cells 
and in chick spinal cord neurons via the signaling intermediate, superoxide.
SH-SY5Y cells respond to soluble TNFa or IL -ip with a transient, biphasic actin 
filament reorganization. Over a time period of 30 min, increased membrane ruffling 
precedes formation of stress fibers and arrest of cell motility, compared to controls. 
Similarly, in chick growth cones soluble TNFa or IL -ip for 15 and 30 minute time 
periods caused increased lamellipodia formation.
The actin filament reorganization in both SH-SY5Y cells and chick spinal cord 
neurons was inhibited by DPI, an irreversible inhibitor of NAD(P)H oxidase, and 
MnTBAP, a superoxide dismutase mimetic.
Conclusively, TNFa and IL-1P induce a transient Racl-mediated actin filament 
reorganization, which could block regeneration of injured axons. Our findings that DPI 
and MnTBAP prevent this reorganization reveals a potential therapy to mitigate the 
inflammatory response.
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1CHAPTER 1 
INTRODUCTION
Neuronal Regeneration/Degeneration
Traumatic injuries to the adult mammalian spinal cord, even minor insults, cause 
a catastrophic biphasic degeneration of central nervous system (CNS) neurons resulting 
in devastating losses of motor and sensory function. The immediate mechanical insult 
causes acute physical damage to neurons, their processes and glia cells such as 
oligodendroycytes. In a second phase, a massive loss of neurons follows that 
progressively worsens over time and spreads from the site of mechanical insult into the 
distant vicinity accompanied by degeneration of axons and oligodendrocytes. 
Concomitantly, a fluid filled cavity develops and reactive astrogliosis leads to the 
formation of scar tissue. In particular inflammatory processes play a key role in 
mediating the secondary pathogenesis of spinal cord injury.
The scientific community has made some progress in treating spinal cord injuries, 
but clearly a great deal of work has yet to be done. Current clinical treatments of spinal 
cord injuries involve (1) administering methylprednisolone, a steroid, which reduces the 
inflammatory response, swelling, excitotoxocity within the nervous system, and (2) 
physically stabilizing the spinal column to prevent further damage (Behar et al, 2000). 
Potential treatments for spinal cord injury should include confinement of inflammation, 
reduction of glia scarring, overcoming growth inhibition and thus promoting the 
regeneration of damaged neurons. Successful implementation of new treatments should 
aim toward promoting or reactivating dormant mechanisms implicated in neuronal
survival and axon regeneration during the development of the central nervous system 
(CNS) and thus, circumvent or overcome the barriers to regrowth present in the adult 
CNS. One method of overcoming these barriers is the introduction of stems cells into the 
injury site. Since these cells are programmed to proliferate and have the potential to 
become any cell type, they can be utilized to replace the dead and/or damaged neurons as 
well as oligodendrocytes for remyelination.
The inability of the adult central nervous system (CNS) to regenerate damaged 
nerve fiber tracts is due to several reasons, including the overwhelming presence of 
growth-inhibitory molecules, and an almost complete absence of growth-promoting 
factors (Aubert et al., 1995). Adult CNS myelin is a major source of growth inhibitory 
factors and many studies in rats have demonstrated that blocking of myelin-associated 
proteins with monoclonal antibodies or vaccination against myelin components improves 
neuronal regeneration (Behar et al., 2000). A second source implicated in the inhibition 
of axonal regeneration is the glial scar tissue, an uncontrolled proliferation of astrocytes 
at the injury site (Behar et al., 2000).
In addition, during the maturation of the CNS, the expression of growth- 
promoting factors is reduced or absent in the adult CNS (Aubert et al., 1995). For 
instance, recent studies have shown that the addition of exogenous growth factors, such 
as nerve growth factor (NGF) and transforming growth factor-P (TGF-P), to injured 
neurons provided neuroprotection and promoted survival (Aubert et al., 2000).
During the development of the CNS, neurons extend long processes or axons to 
establish physical connections with their distant targets. Growth cones are highly motile
structures at the ends of advancing axons that are capable of navigating toward the target 
destination by sensing molecular guidance cues in the surrounding environment. 
Guidance cues include molecules located in the extracellular matrix (ECM), such as 
laminins, cell adhesion molecules (CAMs), as well as diffusible molecules like netrins 
(Tessier-Lavigne and Goodman, 1996). The adult CNS per se is a poor environment for 
axon growth and, in particular, myelin debris and glia scar tissue contain high levels of 
repulsive, growth-inhibiting guidance cues.
The advancement of future treatments for spinal cord injury requires an intimate 
knowledge of the complexity and intricacies of cellular interactions within the CNS, both 
during development and in adult physiology.
Actin cytoskeleton and its dynamics
Neuronal growth cones, at the tips of elongating neuronal processes, are highly 
motile structures almost exclusively responsible for proper navigation and advance and 
this motility is universally coupled to their actin cytoskeletons (Okabe and Hirokawa, 
1991; Mitchison and Cramer, 1996). Neuronal growth cones extend protrusive 
structures, filopodia and lamellipodia, from their leading edges. Filopodia are finger-like 
projections from the cell surface that are composed of a bundle of 15-20 highly cross- 
linked actin filaments (Mallavarapu and Mitchison, 1999). Lamellipodia are a loose 
meshwork of weakly cross-linked actin filaments that are positioned orthogonally to each 
other and vary in length (Lewis and Bridgman, 1992). This arrangement of actin 
filaments within lamellipodia generates a veil-like appearance, and these structures are 
often located between extended filopodia (Mitchison and Cramer, 1996).
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The actin filaments within filopodia and lamellipodia are continually 
polymerizing at their barbed-ends located near the leading edge of the cell and 
depolymerizing at their pointed ends located near the central cell body (Okabe and 
Hirokawa, 1991). In addition to the polarity of actin polymerization and 
depolymerization, there is also a retrograde flow of actin subunits within the filaments 
from the elongating end toward the depolymerizing end (Mallavarapu and Mitchison,
1999).
f trp-Mtt* 
vnr
Retrograde
F-actin flow«— _
v , ____________
^  Ikfwh mi'ruatioR PolymcriMition
Niu-kotitU'
ex€h»nRf v r
- ends
, Prot ra tion
+ ends
Figure 1. Actin filament dynamics (Welch, 
Mallavarapu et al. 1997)
Prior to their polymerization onto the barbed end of a growing actin filament, 
actin monomers are activated by the addition of an ATP. Following the polymerization 
of this actin-ATP subunit, the ATP is slowly hydrolyzed to actin-ADP-Pi. As the actin- 
ADP-Pi subunit translocates toward the pointed end of the actin filament, the Pi is 
released leaving actin-ADP, which has a lower affinity for the actin filament resulting in 
its depolymerization (Welch, Mallavarapu et al. 1997; Carlier 1998). Due to the distinct
states and affinities of actin subunits, actin filaments undergo treadmillling and the 
critical concentration of monomeric actin-ATP becomes important. During treadmilling, 
the rate of polymerization equals the rate of depolymerization and the concentration of 
monomeric actin-ATP is at a steady state (Css). However, when cells form protrusive 
filopodia and lamellipodia, the rate of polymerization increases over the rate of 
depolymerization, and the value of (Css) increases (Carlier 1998).
Actin filament dynamics is regulated by several actin binding proteins, such as 
CapZ, gelsolin, and actin depolymerization factor (ADF)/cofilin (Welch, Mallavarapu et 
al. 1997). The capping proteins, CapZ and gelsolin, cause an increase in the pool of actin 
monomers by blocking the addition of monomeric actin at the barbed ends of actin 
filaments. Conclusively, polymerization increases at the barbed ends of actin filaments 
that remain uncapped, and protrusive structure are formed. Gelsolin can also sever actin 
filaments, thus exposing a new sites for polymerization (Carlier 1998). Interestingly, 
CapZ dissociation from the barbed end of an actin filament is triggered by 
polyphosphoinositides, which are induced by Rho-family GTPases (Welch, Mallavarapu 
et al. 1997) .
Actin depolymerizing factor (ADF) and cofilin, two similar actin binding proteins 
have been shown to sequester G-actin monomers and cause depolymerization at pointed 
ends of actin filaments (Morgan, Lockerbie et al. 1993; Welch, Mallavarapu et al. 1997). 
Phosphorylation of ADF/cofilin disables its binding to actin-ADP monomers and, as a 
result, ADF/cofilin phosphorylation is implicated in the rate limiting step of actin 
polymerization. It is noteworthy, that both ADF and cofilin are integrated into a
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regulatory pathway, which includes small GTPases as upstream regulators (Kuhn et al., 
2000).
Small GTPases
The Ras superfamily of GTPases comprises monomeric GTP-binding/hydrolyzing 
proteins that have approximately 30% sequence similarity with the oncogenic Ras protein 
(Luo, Jan et al. 1997). Within the Ras superfamily there is the RhoGTPase sub-family, 
which contains at least 10 proteins including several forms of Rac, Cdc42, Rho and a few 
distant members (Van Aelst and D'Souza-Schorey 1997). These RhoGTPases share 50- 
55% sequence homology among each other (Van Aelst, Joneson et al. 1996).
RhoGTPases are “molecular switches” that cycle between an inactive guanine di­
phosphate (GDP) bound conformation and an active guanine tri-phosphate (GTP) bound 
conformation, and function in many signaling pathways (Symons 1996). Three distinct 
families of factors regulate the activity cycling of RhoGTPases. GTPase-activating 
proteins (GAPs) stimulate the hydrolysis of bound GTP to GDP (Van Aelst and D'Souza- 
Schorey 1997). Guanine nucleotide exchange factors (GEFs) catalyze the exchange of 
bound GDP with GTP, thus rendering the RhoGTPase active (Van Aelst and D'Souza- 
Schorey 1997). The third family represents the guanine nucleotide dissociation inhibitors 
(GDIs), which sequester GDP-bound RhoGTPases and break the activity cycling (Van 
Aelst and D'Souza-Schorey 1997). This activity cycling is paralleled by an intracellular 
relocalization of RhoGTPases. Generally, RhoGTPases when inactive are located in the 
cytosol but translocate to the plasma membrane upon activation. The posttranslational
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modification, the addition of isoprenyl residues at the C-terminus, serves as a membrane 
anchor (Vetter and Wittinghofer 2001).
The Rho-family GTPases are pivotal regulators of diverse cellular processes 
including actin filament dynamics, cell growth, cell cycle progression, cell stress 
responses, membrane trafficking, and phagocytic defense (Van Aelst and D'Souza- 
Schorey 1997). With respect to the developing and adult nervous system, Rho-GTPases 
are involved in neuronal migration, neuronal polarity, axonal and dendritic growth, 
growth cone guidance, and even synapse development and plasticity (Luo 2000).
In particular, the RhoGTPase Rac2 is crucial for the formation and activation of 
the NADPH oxidase complex, which is responsible for generating reactive oxygen 
species (ROS) during the respiratory oxidase burst in neutrophils and macrophages 
(Kreck, Freeman et al. 1996). Interestingly, its close homologue Racl can substitute for 
this specific function and a Racl-dependent NADPH oxidase-like system seems to be 
functional in non-phagocytic, non-neuronal cells as well as in neurons (Kreck, Freeman 
et al. 1996).
Rho GTPases control actin filament reorganization as components of various 
intracellular signaling pathways. Studies in fibroblasts have demonstrated an activation 
cascade with Cdc42 upstream of R acl, which in turn activates Rho (Van Aelst and 
D'Souza-Schorey 1997). Using constitutively active and dominant negative mutants of 
each of these GTPases, it was revealed that each RhoGTPase controls the dynamics of a 
distinct actin filament structure. Specifically, Cdc42 controls the formation of filopodia
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while Racl regulates the formation of lamellipodia, and Rho mediates the 
formation of stress fibers (Symons 1996; Van Aelst and D'Souza-Schorey 1997).
Together, RhoGTPase-mediated changes in these distinct actin filament structures 
governs the dynamics of the actin cytoskeleton and thus cellular motility, especially in 
neuronal growth cones (Luo, Jan et al. 1997).
Oxidative Stress and Redox Signaling
Reactive oxygen species (ROS) are derivates of molecular oxygen that contain 
one or more unpaired electrons, and include superoxide ('O2’), peroxide (H20 2), and the 
hydroxyl radical ('OH) (Maher and Schubert 2000). ROS are formed by a variety of 
mechanisms including antioxidant deficiencies, mitochondrial respiration and 
dysfunction, respiratory burst in inflammation and phagocytosis, changes in tissue 
oxygen tension, various biochemical reactions, as well as exogenous sources such as 
environmental toxins and ionizing radiation. It is noteworthy that even mitochondrial 
respiration under normal physiological conditions produces a significant amount of ROS, 
yet an elaborate cellular antioxidant defense is present for buffering (Maher and Schubert
2000).
One of the most significant sources of ROS is the NADPH oxidase complex of 
phagocytic cells, which produces large amounts of 'O2" during the respiratory burst 
(Maher and Schubert 2000). The neutrophil NADPH oxidase complex is composed of 5 
major subunits, two plasma membrane bound proteins termed gp91PHOX and gp22PHOX, 
and three cytosolic components p67PHOX, p47PHOX, and Rac2 (Figure 2) (Babior 2000). 
The interaction between Rac2 and p67[ HOX is fundamental for the assembly of the active
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9Figure 2. Components of the plasma membrane-bound NADPH oxidase 
complex. Electron transfer occurs at gp91phox and p22phox in the plasma membrane 
resulting in the generation of superoxide ( O2"). Cytosolic components include 
p47phox, p67phox, and Rac, a small GTP-binding protein. Sites of DPI and 
MnTBAP inhibition are indicated by red text. (Figure adapted from Griendling et al. 
2000)
NADPH oxidase. A very similar activity generating superoxide, which is likely 
composed of homologous subunits, has recently been identified in non-neuronal cells 
under the regulation o f Racl, which can substitute for Rac2 in phagocytes (Sundaresan, 
Yu et al. 1996). In fact, Tammariello et al. (2000) provided evidence that such an 
NADPH oxidase-like activity might exist in neurons as well. Furthermore, 
proinflammatory cytokines are potent physiological stimuli o f ROS generation in non- 
phagocytic cells including fibroblasts, adipocytes, astrocytes, and even CNS neurons 
(Richter, Gogvadze et al. 1995; Griendling, Sorescu et al. 2000).
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Overproduction of ROS and/or severe antioxidant deficiencies results in oxidative 
damage to proteins, nucleic acids, lipids, and even glycans. For example, ROS can 
modify proteins by oxidizing cysteine residues to form disulfide bonds (Maher and 
Schubert 2000) Also, other amino acid residues, including methionine, histidine, 
tyrosine, tryptophan, lysine and arginine, are susceptible to oxidation. Moreover, 
oxidation of the protein backbone can result in its fragmentation (Berlett and Stadtman 
1997). ROS also modify lipids through peroxidation and the destruction of unsaturated 
C-C bonds, and damage DNA as well as RNA by oxidizing its bases, especially guanine, 
leading to strand breaks (Croteau and Bohr 1997; Maher and Schubert 2000).
In contrast, recent evidence suggests that ROS at moderate concentrations 
function as important redox signaling intermediates with reversible oxidative 
modification of target proteins affecting activity, structure, and/or localization. Most 
notably, protein tyrosine phosphatases, which are implicated in axon outgrowth, contain a 
single cysteine at their active site and are inactivated by oxidation.
Other redox sensitive targets include ion channels such as glutamate receptors, 
stress kinases, transcription factors, and actin (Maher and Schubert 2000). For example, 
ROS have been shown to stimulate protein tyrosine kinases (PTKs) and many are linked 
to plasma membrane-bound growth factor receptors associated with increased ROS 
levels and stimulation of cell proliferation (Maher and Schubert 2000). ROS also can 
modify serine/threonine kinases including the mitogen-activated protein kinase (MAPK) 
ERKs, c-Jun NH2-terminal kinase (JNK), and p38 kinase (Maher and Schubert 2000).
The MAPKs are often implicated in intracellular signaling pathways by relaying
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extracellular stresses and stimulating nuclear gene expression by activating the nuclear 
transcription factors AP-1 and NF-kB (Maher and Schubert 2000).
Superoxide ('O2"), one type of ROS generated by NADPH oxidase activity, may 
affect actin cytoskeletal dynamics by causing oxidative modifications of actin (Milzani, 
DalleDonne et al. 1997). These modifications can include oxidation of arginine, lysine, 
proline and threonine residues, causing the formation of carbonyl derivatives (Dalle­
Donne, Rossi et al. 2001).
A recent study by Moldovan et al. (2000) revealed that superoxide was necessary 
for actin cytoskeletal reorganization. This study suggested that superoxide might cause 
severing of actin filaments, thus exposing new sites for polymerization (Moldovan, 
Moldovan et al. 2000)
Cytokines
Proinflammatory cytokines, such as tumor necrosis factor a (TNFa) and 
interleukin 1 (IL-1), are primarily produced by microglia and astrocytes in the central 
nervous system (CNS) in response to CNS trauma, and are found at significantly 
increased levels as early as 1 hour following injury, persisting for as long as several days 
afterwards (Allan and Rothwell 2001). These proinflammatory cytokines initiate and 
orchestrate the inflammatory response in the injured CNS and its propagation into 
surrounding tissue.
Experimental evidence has shown that TNFa and IL-1 each have opposing effects 
on neuronal survival and death. For instance, TNFa has been shown to protect neurons 
from cell death by mitigating the release of intracellular free calcium and by increasing
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the calcium-binding protein, calb indin-D 2gK (Cheng, Christakos et al. 1994). On the other 
hand, TNFa can induce apoptosis by activating the Fas receptor in PC 12 cells and 
primary cortical neurons (Reimann-Philipp, Ovase et al. 2001). In oligodendrocytes, 
TNFa induces cell death and causes demyelination of axons (Schwartz, Solomon et al. 
1991; Sei, Vitkovic et al. 1995). Although this may facilitate neuronal regeneration, as 
myelin is an inhibitor of neuronal regrowth.
Similar antagonistic actions are attributed to IL-1 p. Neuroprotective effects 
caused by IL-ip include the induction of nerve growth factor (NGF) in astrocytes, by 
activating glial cell proliferation, and causing neovascularization (Sei, Vitkovic et al. 
1995). Conversely, IL-1 (3 also has detrimental effects, such as the aggravation of 
excitotoxic and ischemic injuries and contributes to neurodegeneration following 
experimentally induced CNS injury (Allan and Rothwell 2001).
TNFa and IL-1 often stimulate intracellular protein kinase pathways implicated in 
survival and death. These protein kinase cascades include the “stress-activated” protein 
kinases (SAPK) and p38 kinases, which are members of the ERK family of protein 
kinases (Kyriakis and Avruch 1996). SAPK can also be referred to as c-jun NH2- 
terminal kinases (JNK). Upstream elements of JNK and p38 include the Rho-family 
GTPases, Racl and Cdc42. Downstream the JNK and p38 signaling cascades result in 
the activation of the various transcription factors. JNK has been shown to activate AP-1 
(c-fos and c-jun), ATF2 and N F -kB (Lo, Wong et al. 1996). P38 kinase has been shown 
to activate ATF2 and MAPKAP-K2 (Kyriakis and Avruch 1996). Furthermore, studies
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have provided evidence that JNK and p38 kinase are activated by TNFa and IL-1 
(Kyriakis and Avruch 1996; Lo, Wong et al. 1996).
Studies have revealed that TNFa and IL-1 can also trigger the production of 
intracellular reactive oxygen species (ROS) (Sundaresan, Yu et al. 1996). Lo et al. 
demonstrated that there is a concomitant increase in ROS associated with the activation 
of JNK (Lo, Wong et al. 1996).
Cytokines, such as TNFa and IL-1, are expressed at low levels in the developing 
and adult normal brain (Merrill 1992; Vitkovic, Bockaert et al. 2000). There functions 
range from maintenance and repair of neuronal connectivity to mediating aspects of 
circadian rhythm and supporting axon outgrowth and target innervation. Low levels of 
TNFa and IL-1 have been found in the brainstem, thalamus, basal ganglia, cortex, and 
cerebellum of normal mouse brain (Sei, Vitkovic et al. 1995). TNF receptors (TNFR) 
were detected in neurons and glial cells, and IL-1 receptors (ILR) are present in 
hippocampus and hypothalamus (Vitkovic, Bockaert et al. 2000).
Rationale and Significance of Research
Previous work on Racl-associated superoxide production and actin cytoskeletal 
reorganization has been performed in non-neuronal cells. A study by Sundaresan et al. 
(1996) using NIH 3T3 fibroblasts showed that the cytokine-induced production of ROS is 
mediated by the Racl protein. Another study by Moldovan et al. (2000) using 
endothelial cells, demonstrated that ROS production is required for changes in the actin 
cytoskeleton, and subsequent endothelial cell migration.
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Preliminary data from the Kuhn lab points to Racl-mediated redox regulation of 
actin filament dynamics in CNS neurons. The goal of the present study is to elaborate on 
these findings in the neuroblastoma cell line, SH-SY5Y, and chick spinal cord neurons. 
The results of this study should be useful in elucidating how the Rho GTPase Racl, via 
superoxide, controls the reorganization of the actin cytoskeleton in response to the 
proinflammatory cytokines, TNFa and IL-1 (3.
The knowledge obtained from this study could be used in the development of 
future treatment for CNS and spinal cord trauma; specifically, the confinement of 
inflammation and mitigating of its adverse effects on the motility of regenerating axons.
14
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CHAPTER 2 
MATERIALS AND METHODS
SH-SY5Y Cell Cultures
SH-SY5Y cells were grown in high glucose Dulbecco’s modified essential 
medium (DMEM)(Gibco-BRL) and 10 % fetal bovine serum (FBS) (Hyclone) on glass 
cover slips coated with 5 (j,g/cm2 collagen at 37°C in a humidified incubator with 5%
CO2. Glass cover slips were glued over 1.5 cm diameter hole drilled in the bottom of 35 
mm culture dishes. Cells were plated at 50-75,000 cells per dish (14-21,000 cells per 
cm2. Prior to experimental treatments, cells were serum-starved for 24 hours. For long­
term storage, SH-SY5Y cells were transferred into DMEM supplemented with 10% FBS 
and 20% DMSO and kept at -80°C.
Chick Spinal Cord Neuron Cultures
Spinal cords were dissected from 7-day-old chick embryos (Alaskan Homesteader 
breed). Spinal cords were trypsinized (4% trypsin, 0.2 gm/ml EDTA) for 15 minutes at 
37°C. Following trypsinization, cells were triturated and dissociated cells were preplated 
in DMEM with 10% FBS for 1 hour at 37°C in 60 mm tissue culture dishes. Next 
nonadherent cells were resuspended in DMEM with 10% FBS, 12 nM 
fluorodeoxyuridine, and 1% N3 supplement (10 |ag/ml bovine serum albumin, 100 p.g/ml 
transferrin, 10 |_ig/ml insulin, 32 ng/ml putrescine, 20 ng/ml triiodothyronine, 10 ng/ml 
sodium selenite, 12.6 ng/ml progesterone, 200 ng/ml corticosterone) and plated at 50,000 
neurons onto glass .cover slips glued over a 1.5 cm diameter hole drilled into bottom of a 
35mm culture dish. Glass cover slips were coated with 2 jj.g/cm2 fibronectin (Boehringer
Mannheim). Neurons were allowed to attach and grow for 24 hours at 37°C. in a 
humidified incubator with 5% COj. Prior to experimental treatments, neurons were 
serum starved for 2-4 hours in treatment medium (DMEM with 1% N3 supplement and 5 
mg/ml bovine serum albumin).
Cytokine and Inhibitor Treatments
SH-SY5Y cells and chick spinal cord neurons were exposed to 200 ng, 50 ng, or 
20 ng of soluble human recombinant tumor necrosis factor a  (TNFa) (R & D Systems or 
Calbiochem) or soluble human recombinant interleukin 1 P (IL-lp) (R & D Systems or 
Calbiochem) added directly to 200 p,l of culture medium in drilled dishes for 15, 30, or 45 
minute time periods followed by fixation.
To inhibit one electron transport flavoproteins, SH-SY5Y cells and chick spinal 
cord neurons were incubated with 10 |0.M diphenylene iodonium (Calbiochem, Stock 
prepared in DMSO and stored at -20 °C) in culture medium for 30 min prior to cytokine 
exposure. For scavenging superoxide, SH-SY5Y cells and chick spinal cord neurons 
were incubated with 40 [iM manganese (III) tetrakis (4-benzoic acid) porphyrin chloride 
(Calbiochem, Stock solution prepared in 10 mM NaOH and stored at -20°C in the dark) 
in culture medium for 1 hour prior to cytokine exposure. 4-(2-Aminoethyl)- 
benzenesulfonyl fluoride (Alexis) was used at 250 /iM and SH-SY5Y cells were 
incubated in culture medium for 1 hour prior to cytokine exposure.
Fixation, Staining and Immunocvtochemistry
Following treatment, SH-SY5Y cells and chick spinal cord neurons were fixed 
and permeabilized in cytoskeletal buffer (CB) composed of 10 mM MES, pH 6.1, 138
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mM KC1, 3 mM MgCl2, and 2 mM EGTA with 4% paraformaldehyde and 0.5% Triton 
X-100. Cells were rinsed three times, 5 minutes each, in TBS and Triton X-100 0.1% 
(TBS-TX). To fluorescently label filamentous actin, cultures were incubated for 20 min 
with Rhodamine-conjugated Phalloidin (Cytoskeleton Inc.) diluted 1:10 in TBS-TX.
Cells were then rinsed 3 times, 5 minutes each, in TBS-TX and stored in 60% 
glycerol/40% PBS at 4°C until inspection.
For SH-SY5Y cells expressing FLAG-tagged Rac mutants, cells were fixed and 
permeabilized as described above and stained with Rhodamine-Phalloidin 1:10 in TBS- 
TX.
Next, cultures were incubated with 1% bovine serum albumin in TBS-TX 
(blocking solution) for 30 minutes to prevent non-specific antibody binding. Next cells 
were incubated with the primary Mouse-anti-Flag antibody (Upstate Biotechnology), 
diluted 1:100 in blocking solution for 1 hour followed by 4 washes 5 minutes each with 
TBS-TX. Cultures were then incubated with the secondary Goat-anti-Mouse antibody- 
conjugated to FITC (Boeringer-Mannheim), diluted 1:1000 in blocking solution for 1 
hour followed by 4 washes, 5 minutes each, with TBS-TX. All incubations were 
performed at room temperature. Cells were then stored in SlowFade Antifade (Molecular 
Probes) solution at 4°C until microscopic observation.
Transfections
SH-SY5Y cells were transfected with FLAG-tagged constitutively active 
RacV12, or FLAG-tagged dominant negative RacN17. Both Rac mutants were in the 
pShuttleCMV (QBiogene) expression plasmid under a CMV promoter. Transfections
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were performed with the Lipofectamine PLUS system (Gibco-BRL) according to the 
manufacturer’s instructions. Briefly, plasmid DNA was linearized by restriction digest 
with Pmel and 3’ phosphates were removed with Calf Intestinal Phosphatase. Linearized 
plasmid DNA was purified on glass milk (GeneClean, QBiogen). Next 2 (xl (-.4  |ig) of 
purified plasmid DNA was mixed with 20 j_il of Opti-MEM (Gibco-BRL) serum-free 
media. Next 5 ja.1 of PLUS reagent was added to DNA-OptiMEM and allowed to mix at 
RT for 15 min. Then 5 p,l of Lipofectamine mixed with 20 (il of Opti-MEM and was 
added to DNA-PLUS-OptiMEM and allowed to mix at RT for 15 min. Finally, the 
DNA-PLUS-Lipofectamine-OptiMEM mixture was then added to 200 |xl Opti-MEM 
already covering SH-SY5Y cells in drilled dishes with glass cover slip. Cells were 
allowed to express the recombinant proteins for 24 hrs prior to experimental treatments. 
Microscopy and Image Analysis
Images were acquired with a Zeiss confocal microscope LSM 510 equipped with 
a HeNe laser and an Argon laser using filter combinations for the FITC and TRITC 
fluorochromes. Images were acquired using the 40X objective under FITC and TRITC 
illumination and processed using Zeiss Software. For each of the treatment conditions, 
60 cells were scored for the presence of lamellipodia, or membrane ruffling. Statistical 
significance was determined for 3 sets of experiments for each treatment condition (60 
cells each) so n = 180. Statistical significance between the means of control and 
treatments was determined using Dunnett’s t-test. A non-parametric Kruskal-Wallis test 
was employed to calculate significance between control distributions and treatment 
distributions.
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Site-Directed Mutagenesis
The site-directed mutation of the Racl V I2 gene to change the amino acid lysine 
at position 130 in the corresponding translated protein to an asparagine was performed 
using the QuikChange Site-Directed Mutagenesis Kit (Stratagene). Briefly, the 
QuikChange mutagenesis procedure uses 2 oligonucleotide primers that are 
complementary to each other, and contain the DNA sequence of 44 bases surrounding the 
desired mutation location within the gene of interest (Table 1).
The mutation was generated by a PCR procedure using a template Racl V I2- 
pShuttleCMV plasmid and the oligonucleotide mutation primers (Table 1). During PCR, 
a new copy of the plasmid was created containing the desired mutation. Following PCR, 
the old template plasmid DNA was digested leaving behind only the new mutant plasmid. 
The template plasmid DNA is Dam-methylated and the new plasmid is not, therefore the 
restriction enzymes only digest the template plasmid. The plasmid carrying the mutated 
Rac was then purified and sequenced to ensure that the desired mutation was successfully 
introduced. The QuikChange site-directed mutagenesis procedure was performed 
according to the manufacturer’s instruction with the following exceptions: the PCR 
mutation reaction contained 50 ng of dsDNA plasmid template and the PCR cycling 
parameters were 16 cycles with an extension time of 16 minutes.
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Table 1. Sequences o f oligonucleotide primers used for site-directed mutagenesis of 
the RacV12 gene. The codon to change the amino acid at position 130 from a lysine to 
an asparagine is indicated by underlined red text.
Primer #1 
(sense)
5’ AGAC ACG AT CG AG AAACTG A ACG AG A AG AAGCT G ACTCCC AT C A 3’
Primer #2 
(antisense)
5’ GATGGGAGTCAGCTTCTTCTCCjTTCAGTTTCTCGATCGTGTCT 3’
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CHAPTER 3 
REDOX-DEPENDENT ACTIN REORGANIZATION 
IN NEUROBLASTOMA SH-SY5Y CELLS 
Introduction
The SH-SY5Y cell line is a subclone of the SK-N-SH cell line, originally isolated 
from a human neural-crest derived tumor, a neuroblastoma that frequently occurs during 
childhood (Pahlman, Hoehner et al. 1995). SH-SY5Y cells have been extensively used in 
cell culture to study numerous aspects of neuronal differentiation as well as adult 
physiology.
Non-differentiated SH-SY5Y cells are mitotically active and exhibit fibroblast­
like morphology. Differentiation into a neuronal morphology can be induced by 
treatment with retinoic acid (RA) and brain-derived neurotrophic factor (BDNF), or 
treatment with phorbol esters such as TPA (12-O-Tetradecanoyl-phorbol-13-acetate) 
(Encinas, Iglesias et al. 2000). Differentiated SH-SY5Y cells display the typical 
polarized morphology of adult neurons, a round cell body with several long processes 
ending in growth cone-like structures. In addition, expression of numerous neuronal 
markers has been demonstrated including neuron specific enolase (NSE), axonal growth 
cone protein (GAP43), the dendrite-specific protein MAP2, the axon-specific protein 
Tau, acetylcholine receptors, and other neurotransmitter systems (Pahlman, Hoehner et 
al. 1995).
The use of SH-SY5Y cells provides a reliable source of a neuronal-like cell 
population that is relatively easy to maintain and allows both behavioral, morphological, 
and biochemical studies.
Cytokines
The proinflammatory cytokines tumor necrosis factor a  (TNFa) and interleukin- 
ip  (IL-ip) are expressed by microglia and astrocytes following acute CNS trauma. It is 
noteworthy that the population of microglia makes up as much as 20% of non-neuronal 
cells in the CNS. Experimental treatment of neuronal cultures with TNFa and/or IL-1 p 
represents an approach to mimic injury or stress, and to elucidate cellular responses both 
on the morphological and molecular level.
TNFa and IL-ip bind to their respective receptors, in particular the p55 TNFa- 
receptor type I, the p75 TNFa-receptor type II, and the IL-1 receptor type I, and elicit an 
intricate activation pattern of distinct intracellular signaling cascades involving the Rho 
GTPases (Chandel, Schumacker et al. 2001). For instance, fibroblasts stimulated with 
TNFa or IL-ip respond with a Rho GTPase-dependent reorganization of the actin 
cytoskeleton (Wojciak-Stothard, Entwistle et al. 1998), (Puls, Eliopoulos et al. 1999). 
Similarly, another study revealed that cytoskeletal rearrangements were associated with 
the production of reactive oxygen species (ROS) (Sundaresan, Yu et al. 1996). Yet, 
similar molecular mechanisms have presently not been studied in neuronal cells.
Actin filament reorganization
Cellular motility and movement results from the continuous reorganization of the 
actin cytoskeleton in response to extrinsic stimuli (Mitchison and Cramer 1996). In
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particular, growth cone navigation and advance critically depends on filopodia and 
lamellipodia, two distinct morphological structures defined by specialized actin 
cytoskeletal organization (Tanaka and Sabry 1995). The complex dynamics of actin 
cytoskeletal rearrangements is intimately associated with signaling pathways containing 
Rho GTPases (Van Aelst and D'Souza-Schorey 1997). Similarly these filopodia and 
lamellipodia are also present in non-neuronal cells and neuronal cell lines under the 
regulation of identical signaling pathway in response to extrinsic factors.
Racl signaling pathway
Rho GTPases control several distinct cellular processes such as the reorganization 
of the actin cytoskeleton, the activation of stress protein kinases, and the induction of 
gene expression (Coso, Chiariello et al. 1995; Westwick, Lambert et al. 1997). 
RhoGTPases are activated by numerous extrinsic stimuli signaling through receptor 
tyrosine kinases (RTK), G-protein coupled receptors (GCR), and also cytokine receptors 
(Symons 1996; Van Aelst and D'Souza-Schorey 1997; Wojciak-Stothard, Entwistle et al. 
1998; Puls, Eliopoulos et al. 1999).
The detailed molecular mechanisms of how RhoGTPases alter actin filament 
organization remains to be determined but involve PAK-family protein kinases and LIM- 
kinase family members such as LIMK1 (Aspenstrom 1999; Kuhn, Meberg et al. 2000). 
Interestingly, LIMK1 has been shown to phosphorylate actin depolymerizing factor 
(ADF), which regulates the rate-limiting step of actin polymerization. ADF in its 
phosphorylated form exhibits a reduced affinity for actin filaments resulting in a 
decreased actin filament depolymerization (Carlier 1998; Bamburg 1999).
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The RhoGTPase-controlled formation of various actin cytoskeletal structures 
exhibits a temporal pattern with filopodia being formed first, followed by the formation 
of lamellipodia, and lastly stress fibers (Puls et al. 1999). This is reflected by the 
proposed hierarchy of the RhoGTPase activation cascade with Cdc42 activation leading 
to Racl activity, and subsequent Rho activity (Van Aelst and D'Souza-Schorey 1997).
Several studies have verified that Racl is associated with lamellipodia formation. 
Two point mutations of Racl were pivotal in identifying this association and comprise 
the exchange of glycine at amino acid position 12 to valine (RacV12), which renders 
Racl in a constitutively active state, and the exchange of threonine at position 17 to 
asparagine (RacN17), which renders Racl dominant-inactive (Ridley, Paterson et al. 
1992; Nobes and Hall 1995; Wojciak-Stothard, Entwistle et al. 1998). Importantly, 
RaclN17 is a dominant negative mutant since binding of GTP-exchange factors (GEFs) 
remains intact yet the guanine nucleotide exchange is prevented. This results in the 
sequestration of all Raci-specific GEFs in a cell expressing RaclN17 and this depletion 
of GEFs ultimately prevents the activation of endogenous wild-type Racl (Ridley, 
Paterson et al. 1992).
NAD(P)H Oxidase
The ROS-generating NADPH oxidase complex in phagocytic cells is composed 
of 5 distinct proteins; two plasma membrane components and at least three cytoplasmic 
components including Rac2 (Babior 2000; Griendling, Sorescu et al. 2000). Both in vitro 
reconstitution studies and in vivo expression studies have confirmed that Racl can 
substitute for Rac2 in the formation of an active NADPH oxidase complex (Kreck,
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Uhlinger et al. 1994; Freeman, Abo et al. 1996; Nisimoto, Freeman et al. 1997; Toporik, 
Gorzalczany et al. 1998). In non-phagocytic cells such as fibroblasts, Sundaresan et al. 
(1996) have shown that activation of Racl results in the formation of ROS presumably 
via an NAD(P)H oxidase-like activity, and that superoxide is the primary ROS generated. 
Studies mostly performed on cultured endothelial cells have shown that superoxide- 
specific antioxidants such as the manganese-containing superoxide dismutase mimetics 
MnTBAP and MnTMPyP, as well as the flavoprotein inhibitor diphenylene iodonium 
(DPI) can block not only NADPH oxidase-dependent superoxide production but also 
actin cytoskeleton reorganization (Moldovan, Irani et al. 1999).
Therefore, the objective of this study was to demonstrate that the proinflammatory 
cytokines TN Fa and /or IL-1 (3 induce a reorganization of the actin cytoskeleton in the 
neuronal cell line SH-SY5Y, which critically requires Racl activity and the production of 
superoxide as the redox signaling intermediate.
RESULTS
Short-term exposure with cytokines induces actin filament reorganization into ruffling 
membranes.
SH-SY5Y cells were plated onto collagen and serum starved for 24 hours prior to 
a 15 min bath application of TNFot or IL-1 (3 at various concentrations followed by 
paraformaldehyde fixation. Addition of 200 ng soluble TN Fa induced extensive 
membrane ruffling in 80% ±4 (p < 0.0001, n = 180) of SH-SY5Y cells compared to only 
15% ± 4 of SH-SY5Y cells with membrane ruffles treated with PBS, our controls 
(Figures 3A,B and Figure 4). As our criteria, SH-SY5Y cells exhibiting more than one
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region with intense membrane ruffling were considered positive responding cells. The 
effect of TN Fa on actin filament reorganization was dose-dependent. In the presence of 
50 ng or 20 ng soluble TNFa, we determined 80% ± 4 or 43% ± 4 positive responding 
cells, respectively (Figure 4). Exposure of SH-SY5Y cells to IL-1 (3 elicited a similar 
actin filament reorganization into ruffling membranes. Bath application of 200 ng 
soluble LL-1 (3 (15 min) revealed 83% ± 4 of SH-SY5Y cells with membrane ruffles 
compared to 15% ± 4 positive responding cells under control conditions (Figures 3A,C 
and Figure 4). As in the case of TNFa, IL-1(3 caused membrane ruffling in a dose- 
dependent manner with 53% ± 4 positive responding cells (50 ng soluble IL-1(3) and 50% 
± 4 positive responding cells (20 ng soluble IL-1 (3), respectively (Figure 4). In summary, 
both TN Fa and IL-1 (3 elicited a dose-dependent reorganization of actin filaments in SH- 
SY5Y neuroblastoma cells into membrane ruffles within 15 min of bath application. 
Long-term exposure to soluble cytokines results in actin filament reorganization into 
stress fibers
The majority of SH-SY5Y cells exposed to increasing amounts of soluble 
cytokines for 30 min revealed little membrane ruffling and the predominant form of actin 
filament organization were stress fibers typical of our control conditions (Figures 5 and 
6). Figure 5 demonstrates that regardless of the cytokine or the dose, the percentage of 
positive responding SH-SY5Y cells was comparable to our control. In the case of TN Fa 
(30 min), we calculated the percentage of SH-SY5Y cells with membrane ruffles at only 
15% ± 4 (p = 0.3686, n = 180)(200 ng soluble TNFa), the same percentage as no
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treatment, 3% ± 4 (50 ng soluble TNFa), and 7% ± 4 (20 ng soluble TNFa) compared to 
15% ± 4 of SH-SY5Y control cells (Figures 5A,B and Figure 6). Similarly, 200 ng 
soluble IL-1 [3 (30 min) caused membrane ruffles in only 7% ± 4 of SH-SY5Y cells, or 
10% ± 4 of SH-SY5Y cells (50 ng soluble IL-1|3) and 8% ± 4 of SH-SY5Y cells (20 ng 
soluble IL-1 (3), respectively, as opposed to 15% ± 4 ruffle formation in SH-SY5Y 
control cells (Figures 5A,C and Figure 6).
In the majority of cells after 15 min of bath application, TN Fa and IL-1 (3 caused a 
transient and dose-dependent reorganization of actin filaments in SH-SY5Y cells into 
membrane ruffles, which is indicative of increased cell motility. Whereas, longer 
exposure to cytokines resulted in a reversal of actin filament reorganization into stress 
fibers, which is typical for arrested, immotile cells.
Soluble cytokines induce actin filament reorganization via reactive oxgyen species.
Diphenylene iodonium (DPI) is an irreversible inhibitor of flavoproteins that 
perform one electron transport reactions such as the neutrophil NADPH oxidase and 
complex I of mitochondria. Importantly, SH-SY5Y cells pretreated with 10 juM DPI for 
30 minutes abolished membrane ruffling upon cytokine exposure and actin filament 
organization was indistinguishable from control cells (Figures 7A-C). When 
preincubated with DPI, we determined only 13% ± 4 (p < 0.0001, n = 180) of SH-SY5Y 
cells with membrane ruffles at 200 ng soluble TN Fa (Figure 7B) and 8% ± 4 of SH- 
SY5Y cells with membrane ruffles at 50 ng soluble TN Fa over a 15 minute time period 
(Figure 8). For comparison, 5% ± 4 of SH-SY5Y cells exhibited membrane ruffling after 
DPI pretreatment, which was not significantly different from control cells (15% ± 4
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positive responding cells). In contrast, 65% ± 4 positive responding SH-SY5Y cells were 
determined after a 15 minute treatment with 200 ng soluble TNFa, our positive control 
(Figure 8). As expected, addition of 200 ng IL-1 (3 soluble for 15 min induced significant 
membrane ruffles in 37% of SH-SY5Y cells, which was completely negated by DPI pre­
treatment with 13% ± 4 and 8% ± 4 (p = 0.0141, n = 180) positive responding SH-SY5Y 
cells at 200 ng soluble IL-1 (3 (Figure 1C) and at 50 ng soluble IL-1 (3, respectively (Figure 
8).
The fact that DPI abolished actin filament reorganization upon cytokine exposure 
implied a potential role for reactive oxygen species. Therefore, we tested whether 
Manganese (III) tetrakis (4-benzoic acid) porphyrin chloride (MnTBAP), a superoxide 
dismutase mimetic, would also interfere. Indeed, addition of MnTBAP to SH-SY5Y 
cells for 1 hour prior to bath application of cytokines also abolished actin filament 
reorganization in a dose dependent manner (Figures 9-11). SH-SY5Y cells pre-treated 
with 40 jU.M MnTBAP revealed membrane ruffling in 42% ± 7 (p = 0.0016, n = 180)(200 
ng soluble TN Fa for 15 min)(Figure 10B) and 40% ± 7 of cells (50 ng soluble TN Fa for 
15 min), respectively (Figure 11). Under control conditions, we determined 28% ± 7 
positive responding cells comparable to 17% ± 7 of positive responding cells when 
pretreated with 40 /iM MnTBAP only (Figure 10A, Figure 11). Our positive control 
revealed 85% ± 7 of SH-SY5Y cells with membrane ruffles upon a 15 min exposure to 
200 ng soluble TN Fa (Figure 11). Moreover, actin filament reorganization upon IL-1 (3 
treatment was also negated by preincubation with MnTBAP. While 80% ± 7 of SH- 
SY5Y cells exhibited membrane ruffling in the presence of 200 ng IL-1 (3 soluble for 15
27
min, only 40% ± 7 (p = 0.0190, n = 180) positive responding cells (Figure 10C) and 38% 
± 7 positive responding cells in the presence of 50 ng IL-1J3 were determined after pre­
treatment with 40 /iM MnTBAP (Figure 11). Taken together, these findings 
demonstrate that TN Fa and IL-1 (3 induce a transient reorganization of actin filaments via 
reactive oxygen species as redox signaling intermediates. The fact that DPI and 
MnTBAP both abolished this cytokine effect suggests that superoxide is a likely 
candidate as the primary redox signaling intermediate.
Activation of Rac results in a redox-dependent actin filament reorganization
We found that cytokines stimulated a transient and dose-dependent actin filament 
reorganization via the redox signaling intermediate superoxide. It has been shown in 
many cell types that RhoGTPases are crucial for actin filament reorganization with 
membrane ruffling in particular, linked to an increase in Racl activity. Therefore, we 
expressed both constitutively active and dominant negative Racl to test whether Racl is 
involved in this redox signaling cascade.
SH-SY5Y cells were transfected with a plasmid containing constitutively active 
Racl protein (RacV12) carrying an N-terminal FLAG-tag and expression driven under a 
CMV promoter (Figure 12). Expression of RacV12 caused significant formation of 
membrane ruffles in 93% ± 7 of SH-SY5Y cells examined (Figures 12D-F and Figure 
13). This effect of RacV 12 was completely abolished after a 30 min treatment with DPI 
(27% ± 7 of cells with membrane ruffles)(p = 0.0020, n = 180)(Figures 12 G-I and Figure 
13). Similarly, a 1 hour incubation with 40 juM MnTBAP also negated the effects of 
RacV12 expression (37% ± 7 of cells with membrane ruffles)(Figures 12 J-L) as opposed
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to control conditions (17% ± 7 of cells with membrane ruffles)(Figures 12 A-C and 
Figure 13). This finding provides evidence that Racl mediates actin filament 
reorganization via the generation of ROS, most likely superoxide.
Inhibition of Rac interferes with cytokine-mediated actin filament reorganization.
Dominant negative Rac, RacN17, carrying an N-terminal FLAG-tag was 
expressed in SH-SY5Y cells driven under a CMV promoter. Figure 14 and Figure 15 
demonstrate that the presence of RacN17 inhibited a cytokine-mediated reorganization of 
actin filaments. We found that 40% ± 7 (p = 0.0036, n = 180) of SH-SY5Y cells 
expressing RacN17 displayed membrane ruffles in the presence of 200 ng TNFa for 15 
min (Figures 14G-I) compared to non-transfected cultures containing 90% ± 7 of positive 
responding cells (Figure 15). In the absence of cytokines, 27% ± 7 of SH-SY5Y cells 
exhibited membrane ruffles when expressing RacN17 (Figures 14A-C) and 23% ± 7 
positive responding cells in control cells (Figure 15).
In the case of IL -ip, we determined that 70% ± 7 of SH-SY5Y cells had 
membrane ruffles upon a 15 min exposure to 200 ng IL1|3, which was reduced to 19% ± 7 
positive responding cells in SH-SY5Y cells expressing RacN17 (Figures 14J-L and 
Figure 15). Taken together, these data demonstrate that cytokines signal actin filament 
reorganization in a Racl-dependent manner.
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Figure 3. Cytokine-induced changes in actin cytoskeleton, 15 
min. treatments
A) SH-SY5Y no treatment control cells. Note the stress fibers and 
absence of lamellipodia (ruffles) at the cell perimeter.
B) SH-SY5Y cell following exposure to 200 ng TNFa for 15 min.
C) SH-SY5Y cell following exposure to 200 ng IL ip for 15 min. 
Cells treated with 200 ng TNFa and 200 ng IL lp showed extensive 
ruffling at their perimeters. Confocal microscope images (40X 
Objective) of SH-SY5Y cells stained with rhodamine-phalloidin.
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SH-SY5Y Cells Soluble Cytokines 15 Min
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Figure 4. Soluble Cytokines 15 min.
Percentage of SH-SY5Y cells with ruffles (lamellipodia) following exposure to 
varying amounts of the soluble cytokines TN Fa and EL-1 (3 for a 15 minute time 
period. Treatments indicated by asterisks were significantly different compared to 
control. Dunnett’s t test p value < 0.0001. Kruskal Wallis p value = 0.0082. n = 
180 for each condition.
Figure 5. Cytokine-induced changes in actin cytoskeleton, 30 min. 
treatments
A) SH-SY5Y no treatment control cells. B) SH-SY5Y cells following 
exposure to 200 ng TNFa for 30 min. C) SH-SY5Y cells following exposure 
to 200 ng ILip for 30 min. Arrows indicate retracting lamellipodia. After 30 
min exposure to 200 ng TNFa and 200 ng IL1P, the actin cytoskeletons o f the 
cells have retracted their lamellipodia and returned to a state similar to the no 
treatment control cells. Confocal microscope images (40X Objective) of SH- 
SY5Y cells stained with rhodamine-phalloidin.
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Figure 6. Soluble Cytokines 30 min.
Percentage of SH-SY5Y cells with ruffles (lamellipodia) following exposure to 
varying amounts of the soluble cytokines TN Fa and IL-1 (3 for a 30 minute time 
period. Treatments were not significantly different from control. Dunnett’s t-test 
p value < 0.3686. Kruskal Wallis p value = 0.4477. n = 180 for each condition.
Figure 7. Cytokine-induced changes in actin cytoskeleton are inhibited 
by treatments with DPI
All cells were pre-treated with 10 |liM Diphenylene iodonium (DPI) for 30 
min prior to cytokine exposure.
A) SH-SY5Y control cells. B) SH-SY5Y cells following exposure to 200 ng 
TNFa for 15 min. C) SH-SY5Y cells following exposure to 200 ng IL ip for 
15 min. Cytokine-induced changes (ruffling) in the actin cytoskeleton are not 
present in cells treated with DPI. Confocal microscope images (40X 
Objective) of SH-SY5Y cells stained with rhodamine-phalloidin.
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Figure 8. Soluble Cytokines 15 min with DPI.
Percentage of SH-SY5Y cells with ruffles (lamellipodia) following exposure to 
varying amounts of the soluble cytokines TNFa and IL-1 (3 for a 15 minute time 
period, and/or 10 /xM diphenylene iodonium (DPI). Treatments marked by A 
were significantly different from control. Dunnett’s t-test p value = 0.0005. 
Kruskal Wallis test p value = 0.0265. Treatments marked by B were 
significantly different from TNF positive control. Dunnett’s t-test p value < 
0.0001. Kruskal Wallis test p value = 0.0447. Treatments marked by C were 
significantly different from IL-ip positive control. Dunnett’s t-test p value = 
0.0141. Kruskal Wallis test p value = 0.0536. n = 180 for each condition.
Figure 9. Cytokine-induced changes in actin cytoskeleton are 
partially inhibited by treatments with MnTBAP 25 pM
All cells were pre-treated with 25 jjM Manganese (III) tetrakis (4- 
benzoic acid) porphyrin chloride (MnTBAP) for 1 hr prior to cytokine 
exposure. A) SH-SY5Y control cells. B) SH-SY5Y cells following 
exposure to 200 ng TNFa for 15 min. C) SH-SY5Y cells following 
exposure to 200 ng IL lp for 15 min. Arrows indicate regions of partial 
inhibition of lamellipodia formation. Confocal microscope images 
(40X Objective) o f SH-SY5Y cells stained with rhodamine-phalloidin.
Figure 10. Cytokine-induced changes in actin cytoskeleton are 
inhibited by treatments with MnTBAP 40 pM
All cells were pre-treated with 40 |aM Manganese (III) tetrakis (4-benzoic 
acid) porphyrin chloride (MnTBAP) for 1 hr prior to cytokine exposure. A) 
SH-SY5Y control cells. B) SH-SY5Y cells following exposure to 200 ng 
TNFa for 15 min. C) SH-SY5Y cells following exposure to 200 ng ILip 
for 15 min. The arrow indicates a region of very slight ruffling. A higher 
concentration of 40 jjM MnTBAP resulted in a greater inhibition of 
cytokine-induced ruffling compared to 25 |iM. Confocal microscope 
images (40X Objective) of SH-SY5Y cells stained with rhodamine- 
phalloidin.
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Figure 11. Soluble Cytokines 15 min with 40 [iM MnTBAP.
Percentage of SH-SY5Y cells with ruffles (lamellipodia) following exposure to 
varying amounts of the soluble cytokines TN Fa and IL-1 (3 for a 15 minute time 
period, and/or 40 /xM Manganese (III) tetrakis (4-benzoic acid) porphyrin chloride 
(MnTBAP). Treatments marked by A were significantly different from control. 
Dunnett’s t-test p value = 0.0139. Kruskal Wallis test p value = 0.0635. Treatments 
marked by B were significantly different from TNF positive control. Dunnett’s t- 
test p value = 0.0016. Kruskal Wallis test p value = 0.0605. Treatments marked by 
C were significantly different from IL-ip positive control. Dunnett’s t-test p value 
= 0.0190. Kruskal Wallis test p value = 0.0657. n = 180 for each condition.
A, B, C) SH-SY5Y control cells D, E, F) SH-SY5Y cell following 
transfection with recombinant Flag-tagged RacV12 mutant protein. Note the 
ruffling present at the cell perimeter. G, H, I) SH-SY5Y cells following 
transfection with recombinant Flag-tagged RacV12 mutant protein and 
treatment with 10 /xM Diphenylene iodonium (DPI) for 30 min prior to 
fixation. Note the absence of ruffling at cell perimeters. J , K, L) SH- 
SY5Y cells following transfection with recombinant Flag-tagged RacV12 
mutant protein and treatment with 40 /xM Manganese (III) tetrakis (4- 
benzoic acid) porphyrin chloride (MnTBAP) for 1 hr prior to fixation. Note 
the absence of ruffling at cell perimeters. Images E, H, K have higher levels 
of FITC fluorescence compared to control image B indicating expression of 
the recombinant Flag-tagged RacV12 mutant protein. Confocal microscope 
images (40X Objective) of SH-SY5Y cells double-labeled with rhodamine- 
phalloidin and FITC-conjugated a-FLAG antibodies. Images A, D, G, and J 
were captured with the TRITC filter. Images B, E, H, and K were captured 
with the FITC filter. Images C, F, I and L are composite overlays of the 
TRITC and FITC images.
Figure 12. RacV12 transfection-induced changes in actin cytoskeleton
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Figure 13. RacV12 transfections of SH-SY5Y cells.
Percentage of SH-SY5Y cells with ruffles (lamellipodia) following transfection 
with a recombinant constitutively active RacV12 protein. Transfected cells were 
also treated with 10 //,M diphenylene iodonium (DPI) and 40 juM Manganese (III) 
tetrakis (4-benzoic acid) porphyrin chloride (MnTBAP). Treatment marked by A 
was significantly different from control. Dunnett’s t-test p value = 0.0015. Kruskal 
Wallis test p value = 0.0463. Treatments marked by B were significantly different 
from cells expressing RacV12. Dunnett’s t-test p value = 0.0020. Kruskal Wallis 
test p value = 0.0594. n = 180 for each condition.
A, B, C) SH-SY5Y control cells D, E, F) SH-SY5Y cells following 
transfection with recombinant Flag-tagged RacN17 mutant protein. Note the 
absence of ruffling at the cell perimeters. G, H, I) SH-SY5Y cells following 
transfection with recombinant Flag-tagged RacN17 mutant protein and exposure 
to 200 ng TNFa prior to fixation. Note the absence of ruffling at cell perimeters 
with the exception of the small ruffles indicated by the arrows. J , K, L) SH- 
SY5Y cells following transfection with recombinant Flag-tagged RacN17 
mutant protein and exposure to 200 ng IL ip prior to fixation. Note the absence 
of ruffling at cell perimeters with the exception of a very small ruffle indicated 
by the arrow. Images E, H, K have higher levels of FITC fluorescence 
compared to control image B indicating expression of the recombinant Flag- 
tagged RacN17 mutant protein. However, note that the FITC fluorescence is 
decreased near the areas of slight ruffling indicated by arrows in images H and 
K. This decreased fluorescence and ruffling is consistent with a lower level of 
expression of the recombinant Flag-tagged RacN17 mutant protein in these 
areas. Confocal microscope images (40X Objective) of SH-SY5Y cells double­
labeled with rhodamine-phalloidin and FITC-conjugated a-FLAG antibodies. 
Images A, D, G, and J were captured with the TRITC filter. Images B, E, H, 
and K were captured with the FITC filter. Images C, F, I and L are composite 
overlays of the TRITC and FITC images.
Figure 14. RacN17 transfections inhibited changes in actin cytoskeleton.
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Figure 15. RacN17 transfections of SH-SY5Y cells.
Percentage of SH-SY5Y cells with ruffles (lamellipodia) following transfection 
with a recombinant dominant negative RacN17 protein. Transfected cells were 
also exposed to 200 ng TNFa or 200 ng IL ip  for 15 min prior to fixation. 
Treatments marked by A were significantly different from control. Dunnett’s t- 
test p value = 0.0025. Kruskal Wallis test p value = 0.0379. Treatment marked 
by B was significantly different from TNF positive control. Dunnett’s t-test p 
value = 0.0036. Kruskal Wallis test p value = 0.0463. Treatment marked by C 
was significantly different from IL-ip positive control. Dunnett’s t-test p value 
= 0.0209. Kruskal Wallis test p value = 0.0495. n = 180 for each condition.
DISCUSSION
Previous studies have reported that the proinflammatory cytokines, TNFa and IL- 
1(3, stimulate a reorganization of the actin cytoskeleton in fibroblasts and endothelial cells 
(Sundaresan et al., 1996; Wojciak-Stothard et al., 1998; Puls et al., 1999). In accordance 
with these findings, our results demonstrated that TNFa and IL -ip also stimulate a dose- 
dependent reorganization of the actin cytoskeleton in SH-SY5Y neuroblastoma cells 
reflected by the formation of membrane ruffles (Figures 3A-C). While treatment of SH- 
SY5Y cells with 200 ng/ml of either TNFa or IL -1 (3 over a 15 minute time period caused 
pronounced membrane ruffling, lower concentrations (50 ng/ml and 20 ng/ml) also 
resulted in lamellipodia formation but to a lesser extent (Figure 4). Although the 
majority of SH-SY5Y cells exhibited intense membrane ruffling within 15 min of bath 
application of cytokines, stress fibers represented the predominant actin filament 
structure at 30 min after bath application (Figures 5A-C, Figure 6). This pattern of 
morphological and molecular alterations strongly suggests that cytokines elicit a transient 
reorganization of actin filaments from stress fibers into ruffling membranes followed by a 
redistribution into stress fibers. Since membrane ruffling underlies increased cell motility 
as opposed to stress fibers, which are indicative of arrested cells, our data suggests that 
cytokines stimulate a transient phase of increased cell motility. Although live 
microscopy observation are necessary to conclusively determine this aspect. However, 
Puls et al. (1999) reported that cytokine-induced reorganization of the actin cytoskeleton 
in fibroblasts was also a transient process.
45
Numerous studies have revealed that actin filament reorganization in response to 
extrinsic stimuli often occurs in a hierarchical fashion regulated by RhoGTPase family 
members (Nobes and Hall, 1995). In particular, increased membrane ruffling in many 
cell types is associated with Racl activity. Our observation that TNFa and IL-1 (3 signal 
pronounced membrane ruffles could result from an almost exclusive activation of Racl.
In fact, several studies have demonstrated that mutants of the Rac protein can induce 
changes in the actin cytoskeleton of various cell types (Ridley et al., 1992; Nobes and 
Hall, 1995; Wojciak-Stothard et al., 1998). Our study is consistent in that manipulation 
of Rac activity altered actin filament organization in neuroblastoma cells.
When SH-SY5Y cells were transfected with an eukaryotic expression plasmid 
containing FLAG-tagged RaclV12 protein driven under a CMV promoter, the cells 
exhibited lamellipodia formation that was similar to a 15 min exposure of 200 ng soluble 
TNFa or IL -ip (Figures 12D-F, Figures 3B and C). Notably, the percentage (93%) of 
SH-SY5Y cells with membrane ruffles was greater than the percentages seen for a 15 
minute exposure to 200 ng TNFa (78%) or 200 ng IL-ip (83%) (Figure 13, Figure 4).
On the other hand, expression of FLAG-tagged RaclN17 in SH-SY5Y cells inhibited 
actin filament reorganization into lamellipodia upon exposure to 200 ng TNFa or 200 ng 
IL-1 (3 for 15 min (Figures 14A-L, Figure 15). These results indicate that a functional 
Racl protein is necessary for cytokine-induced reorganization of the actin cytoskeleton to 
occur. These results also indicated that direct activation of the Racl protein produces a 
higher degree of membrane ruffles, which is permanent, rather than transient activation of 
the Rho family GTPase signaling pathway via a cytokine stimulus. Moreover, the latent
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transformation of membrane ruffles into stress fibers in SH-SY5Y cells indicates that the 
Rho protein, which is often downstream from Racl in the Rho family GTPase-mediated 
actin reorganization signaling pathway, is also implicated in TNFa and IL-1(3 signaling.
Presently, the mechanism of how RhoGTPases and in particular Racl induce 
changes in actin filament organization is poorly understood. Recent evidence reveals that 
one pathway involves LIM-kinase and ADF/cofilin. In contrast, investigations in 
endothelial cells have demonstrated that Racl also mediates changes in actin filament 
organization via the redox signaling intermediate superoxide. Rac2, a close homologue 
of Racl, is a critical regulator of the phagocyte NADPH oxidase, which produces large 
amounts of ROS during the oxidative burst. Both in vitro as well as in vivo, Racl can 
substitute for this function. In this respect, it is intriguing that several reports suggest a 
role for Racl in non-neuronal, non-phagocytic cell types as a regulator of a hypothetical 
NAD(P)H oxidase-like activity (Sundaresan et al., 1996; Bonizzi et al., 1999; Deshpande 
et al., 2000; Moldovan et al., 2000). Diphenylene iodonium (DPI) is a commercially 
available inhibitor, which irreversibly blocks flavoprotein performing a one electron 
transport reaction. Although this inactivation is highly specific, DPI inhibits a broad 
range of flavoproteins including the phagocyte NADPH oxidase and complex I in 
mitochondria, among others (Li and Trush, 1998; Han et al., 2001). Nevertheless, 
interference of DPI with cytokine-induced actin filament rearrangements would 
demonstrate the involvement of a flavoprotein in this mechanism. (Sundaresan et al., 
1996; Li and Trush, 1998)
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Prior to exposure to soluble TNFa or IL-lp, SH-SY5Y cells were incubated with 
10 |iM DPI for 30 min. This DPI treatment completely blocked cytokine-induced 
reorganization of actin filaments into membrane ruffles suggesting a contribution of a 
NAD(P)H oxidase-like activity (Figures 7A-C, Figure 8). Other reports have shown that 
DPI can interfere with cytokine-mediated increases in ROS in several cell types or redox- 
mediated effects on actin filament organization.
Many flavoproteins catalyze transfer of one electron onto molecular oxygen thus 
generating superoxide, a reactive oxygen species. To assess whether superoxide is 
involved in this signaling cascade in SH-SY5Y cells, we employed manganese (III) 
tetrakis (4-benzoic acid) porphyrin chloride (MnTBAP), a superoxide dismutase mimetic. 
A study by Moldovan et al. (2000) reported that superoxide generated by an NAD(P)H 
oxidase-like complex is necessary for Racl-mediated reorganization of the actin 
cytoskeleton in endothelial cells. The study relied on the use of manganese (III) tetrakis 
(l-methyl-4-pyridyl) porphyrin (MnTMPyP), a similar superoxide dismutase mimetic 
(Moldovan et al., 2000). Importantly, MnTBAP exhibits a high degree of selectivity for 
superoxide as opposed to MnTMPyP, which also scavenges nitric oxide.
When SH-SY5Y cells were pre-treated with 25 |xM MnTBAP or 40 (J.M MnTBAP 
for 1 hour prior to cytokine exposure, reorganization of actin filaments into lamellipodia 
was inhibited in a dose-dependent manner (Figures 9A-C, Figures 10A-C, and Figure 
11). Altogether, our investigations indicate that TN Fa and IL-1 (3 signal a redox- 
dependent actin filament reorganization in SH-SY5Y neuroblastoma cells supported by 
our findings that both DPI and MnTBAP interfere with cytokine-mediated membrane
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ruffling. Furthermore, these data also imply that an activity similar to the well- 
documented NADPH oxidase in phagocytes is likely the source of superoxide, which 
functions as a redox signaling intermediate. It is intriguing that SH-SY5Y cells do 
express protein components that show specific immunoreactivity using antibodies raised 
against the individual subunits of the neutrophil oxidase (unpublished observation).
Another inhibitor of the phagocyte NAD(P)H oxidase complex is 4-(2- 
Aminoethyl)-benzenesulfonyl fluoride (AEBSF), which functions as an irreversible 
serine protease inhibitor. It has been proposed that AEBSF is able to inhibit the 
NAD(P)H oxidase complex by interrupting the interaction of the p47PHOX or p67 PHOX 
components with the plasma-membrane bound cytochrome b559, which consists of gp91 
and gp22 (Diatchuk et al., 1997). The Diatchuk study reported that 2 mM AEBSF was 
able to inhibit the NAD(P)H oxidase complex in macrophages. However, in our culture 
system, 2 mM AEBSF exerted a strong cytotoxic effect on SH-SY5Y cells. After 
adjusting the concentration of AEBSF, we determined that 250 |o.M was the maximum 
concentration with no obvious cytotoxicity. Yet, when SH-SY5Y cells were pre-treated 
with 250 (J.M AEBSF, no inhibition of cytokine-induced actin filament reorganization 
was revealed (data not shown).
A most important observation is that treatment of SH-SY5Y cells expressing 
RaclV12 with DPI or MnTBAP disrupted the typical reorganization of actin filaments 
into membrane ruffles (Figures 12 and 13). Incubation of RaclV12 expressing SH- 
SY5Y cells with 10 (J.M DPI for 30 minutes or with 40 (iM MnTBAP for 1 hour was 
sufficient to negate the RacV12 phenotype of intense membrane ruffling. These results
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strongly imply that downstream of Rac a functional NAD(P)H oxidase-like activity 
produces superoxide as a redox signaling intermediate, which ultimately elicits an actin 
filament reorganization.
The results of the current study support the hypothesis that the proinflammatory 
cytokines TN Fa and/or IL-1 (3 induce a reorganization of the actin cytoskeleton in the 
neuronal cell line SH-SY5Y, which critically requires Racl activity, and the redox 
signaling intermediate superoxide, which is produced by an NAD(P)H oxidase-like 
activity. These data reveal a novel signaling pathway for the regulation of actin 
dynamics in neuronal cells, and could be of potential significance in the failure of CNS 
neurons to regenerate injured axons.
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CHAPTER 4 
ACTIN ORGANIZATION IN GROWTH CONES OF 
CHICK SPINAL CORD NEURONS AND ITS REDOX REGULATION
Introduction
The chick embryo has a long-standing tradition as one of the primary animal 
models in developmental biology and in studies focusing on the spinal cord, which have 
revealed fundamental molecular mechanisms underlying neuronal development, adult 
physiology, and CNS injury. In vitro cultures of dissociated spinal cord neurons obtained 
from chick embryos are suitable to study many different aspects of axon elongation, axon 
regeneration, growth cone motility, and growth cone navigation. Advantages of 
embryonic chick spinal cord neurons are their ability to form neuronal processes in vitro , 
whereas adult spinal cord neurons cannot, and their responsiveness to the same growth 
inhibiting and growth promoting cues as adult spinal cord neurons. Therefore, embryonic 
chick spinal cord neurons represent an elegant experimental system to address different 
aspects of spinal cord regeneration following traumatic injury.
However, there are several disadvantages to using primary chick spinal cord 
neurons as opposed to neuronal cell lines. Dissociated cultures of chick spinal cord 
neurons must be obtained from chick embryos, a rather complex process that can be 
somewhat difficult, and provides a limited amount of neurons. Also, embryonic chick 
spinal cord neurons are post-mitotic, and exhibit a limited life-span in culture in 
comparison to the feature of immortality of many established neuronal cell lines. And 
finally, primary spinal cord neurons are not as easily manipulated as neuronal cell lines. 
For example, it is much more difficult to express a foreign gene in a significantly large
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number of primary neurons in contrast to cell lines. Presently, viral gene transfer is the 
only adequate tool to express a gene of interest at sufficient yields and expression levels 
in primary neurons. Yet, major obstacles remain to be solved such as cell specificity of 
expression, regulation of expression, and time course of expression. In sharp contrast, 
neuronal cell lines can be transfected with high yields and efficiency using rather simple 
procedures of introducing bacterial plasmids with an eukaryotic promotor to drive 
expression.
Growth cone actin cytoskeletal dynamics and organization
The actin cytoskeleton of advancing growth cones are very dynamic. Growth 
cones are constantly detecting (sensing) extracellular guidance cues by extending and 
retracting filopodia and lamellipodia (Tanaka and Sabry 1995).
Filopodia and lamellipodia also facilitate adhesion of growth cones to the 
extracellular matrix and/or cell surfaces (Tanaka and Sabry 1995). Repetitive formation 
and release of adhesive contacts is necessary for the generation of movement (Mitchison 
and Cramer 1996).
The continuous reorganization of actin filaments is driven by the addition of G- 
actin monomers at the barbed-end of filaments near the leading edge of the growth cone, 
the depolymerization at the pointed-end of the filaments, and retrograde transport of actin 
subunits within actin filaments from the barbed-end toward the pointed-end of the 
filament (Okabe and Hirokawa 1991).
Growth cones are able to simultaneously receive and translate extracellular 
signals, which all ultimately converge into a precisely coordinated reorganization of actin
52
filaments. In these complex, yet convergent signaling cascades, Rho GTPases, including 
the Rac protein, play a crucial role (Tanaka and Sabry 1995). The detailed molecular 
mechanisms of how Rho GTPases alter actin filament organization remains to be 
determined but involve PAK-family protein kinases, which activate LIM-kinase family 
proteins, which then phosphorylate actin depolymerizing factor (ADF) causing it to have 
a reduced affinity for actin filaments resulting in decreased actin filament 
depolymerization (Carlier 1998; Aspenstrom 1999; Bamburg 1999).
Rho GTPases control actin filament reorganization as components of various 
intracellular signaling pathways. Studies in fibroblasts have demonstrated an activation 
cascade with Cdc42 upstream of R acl, which in turn activates Rho (Van Aelst and 
D'Souza-Schorey 1997). Using constitutively active and dominant negative mutants of 
each of these GTPases, it was revealed that each Rho GTPase controls the dynamics of a 
distinct actin filament structure. Specifically, Cdc42 controls the formation of filopodia 
while Rac regulates the formation of lamellipodia, and Rho mediates the formation of 
stress fibers (Symons 1996; Van Aelst and D'Souza-Schorey 1997). Together, Rho 
GTPase-mediated changes in these distinct actin filament structures govern the dynamics 
of the actin cytoskeleton and thus cellular motility, especially in neuronal growth cones 
(Luo, Jan et al. 1997).
The Rac protein is a component of the NAD(P)H oxidase complex, which has 
been identified in neurons (Tammariello, Quinn et al. 2000). Thus, there is the possibility 
that superoxide generated by the NAD(P)H oxidase complex has a role in controlling 
actin filament reorganization in neuronal growth cones. Previous work on Racl-
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associated superoxide production and actin cytoskeletal reorganization has been done in 
non-neuronal cells. A study by Sundaresan et al. (1996) using NIH 3T3 fibroblasts 
showed that cytokine-induced ROS production is mediated by the Racl protein. Also, a 
study by Moldovan et al. (2000) using endothelial cells demonstrated that ROS 
production is required for changes in the actin cytoskeleton, and subsequent endothelial 
cell migration.
Preliminary data from the Kuhn lab have revealed that Racl and the other 
components of the NAD(P)H oxidase complex are present in chick spinal cord neurons. 
Furthermore, the Kuhn lab has determined that antioxidants and ROS alter growth cone 
behavior in chick spinal cord neurons. These findings indicate that a possible Racl- 
mediated signaling pathway controlling actin cytoskeletal reorganization is present in 
chick spinal cord neurons. The goal of the present study is to elaborate on these findings 
in chick spinal cord neurons. The results of this study should be useful in elucidating how 
the Rho GTPase Racl, via superoxide, controls the reorganization of the actin 
cytoskeleton in response to the proinflammatory cytokines, TNFa and IL-18.
The knowledge obtained from this study could be used in the development of 
future treatment for CNS and spinal cord trauma; specifically, the confinement of 
inflammation and mitigating its adverse effects on the motility of regenerating axons. 
RESULTS
Soluble cytokines induce lamellipodia formation in primary neuronal growth cones.
Advancing growth cones of primary neurons display a continuous formation of 
lamellipodia, the equivalent to membrane ruffling in non neuronal cells, and filopodia
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both crucial for sensory capacity, adhesion and motility. Our studies in neuroblastoma 
cells demonstrated that cytokines signal a transient rearrangement of actin filaments into 
membrane ruffles, which critically requires both Racl activity and the redox intermediate 
superoxide. Therefore, we assessed whether a similar signaling cascade is stimulated by 
cytokines in neuronal growth cones.
Cytokines were bath applied to dissociated cultures of chick spinal cord neurons 
for various time periods and, after fixation, actin filament organization in growth cones 
visualized by staining with rhodamine phallodin. Indeed, growth cones responded to 
soluble cytokines with increased lamellipodia formation compared to control cultures 
(Figures 16A-D). We determined 65% ±5 of axonal growth cones with increased 
lamellipodia formation upon exposure to soluble TN Fa (200 ng, 15 min) and 84% ±5 of 
positive responding growth cones upon exposure to IL-1 (3 (200 ng, 15 min) compared to 
23% ±5 of growth cones under control conditions (p = 0.0002, n = 180)(Figure 17).
In contrast to our findings in cultures of SH-SY5Y neuroblastoma cells, where 
actin filament reorganization reversed to control 30 min after cytokine application, 
intense lamellipodia formation persisted in growth cones in the presence of cytokines 
even after 30 minutes (Figures 16E, F). We calculated 67% ±5 (200 ng TNFa) and 58% 
±5 (200 ng IL-1 (3) of positive responding growth cones, as opposed to only 23% ±5 of 
growth cones with a similar phenotype in control conditions (Figure 17).
However, lamellipodia formation in chick spinal cord neuronal growth cones 
exposed to cytokines for 45 minutes was reduced compared to 15 and 30 minute cytokine 
exposures (Figures 16C-H). 40% ±5 of chick spinal cord neurons exposed to 200 ng
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soluble TNFoc for a 45 minute time period showed lamellipodia formation compared to 
18% ±5 of growth cones in controls (Figure 17). 37% ±5 of chick spinal cord neurons 
exposed to 200 ng soluble IL-l^for a 45 minute time period showed membrane ruffles in 
growth cones (Figure 17). These results indicate that growth cones of chick spinal cord 
neurons display a transient reorganization of actin filaments into lamellipodia in response 
to cytokines similar to that observed in SH-SY5Y cells,.
Interfering with superoxide formation abolishes cytokine-mediated effects on growth 
cones.
As successfully utilized in our studies with SH-SY5Y cells, we also examined the 
effects of DPI, an irreversible inhibitor of NADPH oxidoreductases, and the superoxide 
mimetic manganese (III) tetrakis (4-benzoic acid) porphyrin chloride (MnTBAP) in 
dissociated cultures of chick spinal cord neurons exposed to soluble cytokines (Figures 
18-21).
Pretreatment of spinal cord neuron cultures with 10 piM DPI for 30 min inhibited 
the response of growth cones to cytokines, i.e. the formation of lamellipodia (Figures 
18A-C). Whereas, 60% ±6 of growth cones responded with lamellipodia] formation to 
TNFoc (200 ng, 15 min), preincubation with 10 fiM  DPI resulted in only 32% ±6 positive 
responding growth cones (p = 0.0092, n = 180) compared to our controls 10 jUM DPI only 
(18% ±6 of growth cones positively responding) or no treatment (23% ±6 of growth 
cones positively responding) (Figure 19). DPI also inhibited IL-1 (3-induced (200 ng, 15 
min) lamellipodia formation in growth cones (49% ±6 positive responding growth cones)
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as opposed to 76% ±6 of positive responding growth cones (p = 0.0478, n = 180) in the 
presence of IL-1 (3 only (Figure 19).
Correspondingly, pretreatment with 40 /xM MnTABP significantly reduced the 
percentage of growth cones with lamellipodia in the presence of TN Fa (24% ±8 positive 
responding growth cones) compared to TN Fa only (66% ±8 positive responding growth 
cones)(p = 0.0474, n = 180)(Figures 20A-C and Figure 21). MnTBAP also interfered 
with lamellipodial formation of growth cones in response to IL-1 [3. While in the 
presence of IL-1 (3 (200 ng, 15 min) 84% ±8 of growth cones exhibited an increase in 
lamellipodial formation, pre-treatment with 40 [iM MnTBAP reduced this effect nearly to 
control levels (18% ±8 positive responding growth cones)(p = 0.0046, n = 180)(Figure 
21).
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Figure 16 (Part 1). Cytokine-induced changes in growth cone lamellipodia 
formation
A, B) No treatment control neurons. C) Neurons exposed to 200 ng TNFa for 
15 min. D) Neurons exposed to 200 ng IL1I3 for 15 min. Note the pronounced 
lamellipodia (ruffles) formed in growth cones exposed to cytokines for 15 min 
compared to no treatment controls. All cells are spinal cord neurons cultured 
from 7-day chick embryos. Arrows indicate growth cones. Confocal 
microscope images (40X Objective) of neurons stained with rhodamine- 
phalloidin.
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Figure 16 (Part 2). Cytokine-induced changes in growth cone lamellipodia 
formation
E) Neurons exposed to 200 ng TNFa for 30 min. F) Neurons exposed to 200 
ng IL16 for 30 min. G) Neurons exposed to 200 ng TNFa for 45 min.
H) Neurons exposed to 200 ng IL1J3 for 45 min. Note the pronounced 
lamellipodia (ruffles) formed in growth cones exposed to cytokines for 30 min 
compared to no treatment controls (Fig 16A,B)- However, ruffles in growth 
cones exposed to cytokines for 45 min. are gone. Thus, there is a transient 
formation of lamellipodia in chick spinal cord neuronal growth cones. All cells 
are spinal cord neurons cultured from 7-day chick embryos. Arrows indicate 
growth cones. Confocal microscope images (40X Objective) of neurons stained 
with rhodamine-phalloidin.
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Chick Spinal Cord Neurons 
Soluble Cytokines 15, 30, 45 min
Control TNF 200 ng IL1B200ng TNF 200 ng IL1B200ng TNF 200 ng IL1B200ng
15 min 15min 30 min 30min 45 min 45min
Figure 17. Soluble Cytokines 15, 30, and 45 min.
Percentage of chick spinal cord neurons with ruffles (lamellipodia) in growth 
cones following exposure to 200 ng of the soluble cytokines TN Fa and IL- 
1(3 for a 15, 30, and 45 minute time periods. Treatments indicated by an asterisk 
were significantly different from control. Dunnett’s t-test p value = 0.0002. 
Kruskal Wallis test p value = 0.0362. n = 180 for each condition.
Figure 18. Cytokine-induced changes in growth cone 
lamellipodia formation are reduced by treatments with DPI
All cells were pre-treated with 10 pM Diphenylene iodonium 
(DPI) for 30 min prior to cytokine exposure. A) Control neurons. 
B) Neurons exposed to 200 ng TNFa for 15 min. C) Neurons 
exposed to 200 ng IL1G for 15 min. Cytokine-induced 
lamellipodia formation in growth cones is not present in neurons 
treated with DPI. All cells are spinal cord neurons cultured from 
7-day chick embryos. Arrows indicate growth cones. Confocal 
microscope images (40X Objective) o f neurons stained with 
rhodamine-phalloidin.
62
Chick Spinal Cord Neurons 
Soluble Cytokines 15 min with 10 |jM DPI
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Figure 19. Soluble Cytokines 15 min with DPI.
Percentage of chick spinal cord neurons with ruffles (lamellipodia) in growth cones 
following exposure to 200 ng of the soluble cytokines TN Fa and IL-1 [3 for a 15 
minute time period and/or 10 iiM  diphenylene iodonium (DPI). Treatments 
indicated by A were significantly different from control. Dunnett’s t-test p value = 
0.0008. Kruskal Wallis test p value = 0.0257. Treatment indicated by B was 
significantly different from TNF positive control. Dunnett’s t-test p value = 
0.0092. Kruskal Wallis test p value = 0.0431. Treatment indicated by C was 
significantly different from IL-ip positive control. Dunnett’s t-test p value = 
0.0478. Kruskal Wallis test p value = 0.0463. n = 180 for each condition.
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Figure 20. Cytokine-induced changes in growth cone lamellipodia 
formation are partially inhibited by treatments with MnTBAP
All cells were pre-treated with 40 |iM Manganese (III) tetrakis (4-benzoic 
acid) porphyrin chloride (MnTBAP) for 1 hr prior to cytokine exposure. 
A) Control neurons. B) Neurons exposed to 200 ng TNFa for 15 min.
C, D) Neurons exposed to 200 ng IL1J3 for 15 min. Cytokine-induced 
lamellipodia formation is absent in neurons pre-treated with MnTBAP. 
However, filopodia formation is not inhibited as seen in image D. All 
cells are spinal cord neurons cultured from 7-day chick embryos. Arrows 
indicate growth cones. Confocal microscope images (40X Objective) of 
neurons stained with rhodamine-phalloidin.
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Chick Spinal Cord Neurons 
Soluble Cytokines 15 min with 40 pM MnTBAP
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Figure 21. Soluble Cytokines 15 min with MnTBAP.
Percentage of chick spinal cord neurons with ruffles (lamellipodia) in growth 
cones following exposure to 200 ng of the soluble cytokines TNFoc and IL-1 (3 for 
a 15 minute time period and/or 40 /xM Manganese (III) tetrakis (4-benzoic acid) 
porphyrin chloride (MnTBAP). Treatments indicated by A were significantly 
different from control. Dunnett’s t-test p value = 0.0005. Kruskal Wallis test p 
value = 0.0273. Treatment indicated by B was significantly different from TNFa 
positive control. Dunnett’s t-test p value = 0.0474. Kruskal Wallis test p value = 
0.0495. Treatment indicated by C was significantly different from IL1(3 positive 
control. Dunnett’s t-test p value = 0.0046. Kruskal Wallis test p value = 0.0495. 
n = 180 for each condition.
DISCUSSION
The actin cytoskeleton of advancing growth cones is very dynamic. Growth 
cones are constantly detecting (sensing) extracellular guidance cues by extending and 
retracting filopodia and lamellipodia (Tanaka and Sabry 1995; Kuhn, Brown et al. 1998). 
Rho GTPases mediate these changes in the actin cytoskeleton and the subsequent cellular 
motility of neuronal growth cones (Luo, Jan et al. 1997).
The Rho GTPases Racl and Rac2 play a pivotal role in actin filament dynamics, 
stress kinase activation, and phagocytosis. Rac2 is exclusively expressed in 
hematopoetic cells and is a component of the phagocyte NADPH oxidase. It is intriguing 
that in non-phagocytic cells, including neurons, a similar activity has been identified 
(Tammariello, Quinn et al. 2000). Other studies using non-neuronal cells have revealed 
that cytokine-induced ROS production is mediated by Racl, and that superoxide 
production is required for changes in the actin cytoskeleton (Sundaresan, Yu et al. 1996; 
Moldovan, Moldovan et al. 2000). Thus, there is the possibility that superoxide generated 
by a neuronal NAD(P)H oxidase complex has a role in controlling actin filament 
reorganization in neuronal growth cones.
When chick spinal cord neurons were treated with 200 ng of soluble TNFa or 200 
ng of soluble IL-1P for 15 min or 30 min, an intense reorganization of growth cone actin 
filaments into lamellipodia was observed (Figures 16A-F, Figure 17). However, 
increased lamellipodia formation in chick spinal cord neuronal growth cones was also 
transient and reverted to control levels after a 45 min exposure to soluble cytokines. How 
these changes in growth cone morphology, which are reflected by a transient
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rearrangement of the actin cytoskeleton, are associated with growth cone motility remains 
to be determined. Also, this transient actin filament reorganization in growth cones of 
chick spinal cord neurons is likely mediated by Rho family GTPases as previously 
described by Puls et al (1999) in fibroblasts and confirmed by our own findings in SH- 
SY5Y cells.
These results demonstrate that the proinflammatory cytokines, TNFa and IL-ip, 
are capable of inducing reorganization of cytoskeletal actin in the growth cones of chick 
spinal cords into lamellipodia. Increases in both formation and size of lamellipodia is 
reflected by an overall enlargement of neuronal growth cones compared to controls. As 
in non-neuronal cells, the formation of lamellipodia in neuronal growth cones is 
associated with Rac in response to various extrinsic cues (Ridley, Paterson et al. 1992; 
Symons, Derry et al. 1996; Kuhn, Brown et al. 1998; Wojciak-Stothard, Entwistle et al. 
1998; Brown, Cornejo et al. 2000).
Employing a pharmacological approach, we assessed if a NAD(P)H oxidase-like 
activity under the regulation of Rac, participates in the cytokine-induced reorganization 
of the actin cytoskeleton. Chick spinal cord neurons pre-treated with 10 p.M diphenylene 
iodonium (DPI) for 30 min did not exhibit cytokine-induced lamellipodia formation 
(Figures 18A-C, Figure 19). Importantly, DPI alone had no significant effect on growth 
cone morphology. A previous study by Moldovan et al. (2000) determined that 
superoxide generated by an NAD(P)H oxidase-like activity functioned as a redox 
signaling intermediate in the signaling pathway controlling reorganization of the actin 
cytoskeleton in endothelial cells. Using the cell permeable and non-cytotoxic manganese
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(III) tetrakis (4-benzoic acid) porphyrin chloride (MnTBAP), a superoxide dismutase 
mimetic that scavenges superoxide, we showed that preincubation of chick spinal cord 
neurons with 40 p.M MnTBAP for 1 hour reduced cytokine-stimulated lamellipodia 
formation in growth cones (Figures 20A-D, Figure 21). The effectiveness of DPI and 
MnTBAP in abolishing a transient cytokine-induced lamellipodia formation in growth 
cones suggests that superoxide, generated by an NAD(P)H oxidase-like activity, is 
necessary.
It should also be noted that in some of the growth cones with no lamellipodia, 
extensive filopodia formation was observed (Figure 20D). Two alternatives could 
explain this morphological phenotype. First, when the Rac-mediated formation of 
lamellipodia is blocked by MnTBAP or DPI treatment, only Cdc42 is activated resulting 
in extensive filopodia formation. However, cytokine application revealed no effect on 
filopodia number or length suggesting that activation of RhoGTPases occurred on the 
level of Rac. Second, profound filopodia formation could result from the robust 
retraction of lamellipodia after 30 min of cytokine exposure that exceeds the degree of 
lamellipodia formation prior to exposure. As a result, filopodia could appear more 
pronounced. Neverthless, only live video-microscopy of growth cones exposed to 
cytokines could reveal in detail the time course of these morphological changes.
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CHAPTER 5 
SITE-DIRECTED MUTAGENESIS 
Introduction
Background of Technique
Site-directed mutagenesis represents an invaluable tool to study in detail the 
structure-function relation of one particular protein of interest. Protein-protein 
interactions and/or catalytic activities of a particular protein can be reduced to pivotal 
contributions of a few amino acids. Exchange of one critical amino acid is achieved by 
exchanging one or more nucleotides at a defined location within the DNA gene sequence 
coding for the protein of interest. Consequently, expression of the mutated gene 
translates into a protein with an amino acid substitution at the desired location.
Mutant proteins are fused to a unique tag coding for small peptide sequences, 
which allow for the detection of expression and intracellular localization by employing 
specific antibodies in conjunction with immunocytochemistry and immunoblotting. 
Common tags included the decapeptide c-myc or FLAG.
V12N130 Racl Mutation
It has been recognized that R acl, a protein composed of 192 amino acids arranged 
in a globular conformation (Hirshberg, Stockley et al. 1997), as well as other 
RhoGTPases activate their various downstream targets through protein-protein 
interactions that involve short, defined regions. For example, the “effector region” of 
Racl is comprised of amino acids 26-45 and is involved in GTP hydrolysis, GAP 
binding, interaction with PAK, and binding to p67phox, which is a component of the
NAD(P)H oxidase complex (Freeman, Abo et al. 1996). Amino acids 115-118 and 158- 
160 of Racl are responsible for guanine-nucleotide recognition while amino acids 10-17 
and 57-60 make up the phosphate-binding loops (Hirshberg, Stockley et al. 1997). 
Another study demonstrated that the C-terminus of Racl (amino acids 178-188) is poly- 
basic, and after being prenylated, interacts with the cellular membrane during NAD(P)H 
oxidase complex assembly (Kreck, Freeman et al. 1996).
Several reports assign the ability of Racl to mediate the intracellular production 
of superoxide to the “insert region,” which is composed of amino acids 124-135, in 
addition to several other regions (Hirshberg, Stockley et al. 1997). The “insert region” 
contains 13 amino acids that are not found in the homologous protein H-ras (Hirshberg, 
Stockley et al. 1997). Studies by Freeman et al. demonstrated that mutations within the 
“insert region” caused Racl to have a decreased affinity for the cytochrome bssg subunit 
of the NAD(P)H oxidase complex (Freeman, Abo et al. 1996; Nisimoto, Freeman et al. 
1997).
The current study chose to mutate the amino acid lysine (K) at position 130 in the 
Racl protein to an asparagine (N) (Figure 22). This mutation replaces the bulky, basic 
side chain of lysine with the smaller, neutral side chain of asparagine. The K130N 
mutation was selected because the Freeman et al. study reported that this mutation 
resulted in a substantial reduction in the rate of superoxide generation, but did not affect 
the ability of Racl to activate PAK65, an important target of other Racl-mediated 
pathways (Freeman, Abo et al. 1996). Assuming that Racl-mediated production of ROS 
is analogous to the mechanism present in phagocytic cells and that these redox
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intermediates regulate actin filament reorganization, we expect that the expression of the 
K130N mutation of the Racl protein should, in principle, perturb actin cytoskeletal 
reorganization in response to proinflammatory cytokines.
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Human Racl
Lys 130
Thr 17
t  y
lie 33 v  
Tyr 40
  Gty 12
Figure 22. Three dimensional cartoon 
diagram of Human Racl protein with 
mutation sites indicated.
The K130N mutation site within the 
“insert region” is indicated at the top of 
the protein in violet (Lys 130).
RESULTS
Following site-directed mutagenesis PCR and sequencing o f the resulting gene 
product, it was determined that the RacV12K130N mutant was successfully made (Figure 
23).
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Figure 23. DNA sequencing results
RacV12K130 is the DNA sequence of the mutagenesis gene product received 
from the UAF DNA Core Lab. Racl is a template sequence. The location of the 
V I2 mutation is indicated by a red box. The location o f the N130 mutation is 
indicated by a blue box.
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Figure 24. Histogram of DNA sequences
The top histogram is from a Racl protein without K.130N mutation. The G base 
indicated by the arrow is the site selected for mutagenesis. The bottom histogram is 
the sequence following mutagenesis procedure. The C base indicated by the arrow 
is the site-directed mutation from G to C.
DISCUSSION
Due to time constraints, transfections of SH-SY5Y neuroblastoma cells with the 
Racl V12K130N mutant were not performed. We hypothesize that this mutant should 
block superoxide production by interrupting the interaction o f Rac with the large 
membrane flavoprotein gp91phox, which is a component of the NAD(P)H oxidase 
complex. Other functions of this mutant Rac protein, such as GTP hydrolysis, GAP 
binding, and PAK activation, should remain intact. In addition, this specific mutant 
should also interfere with cytokine-mediated actin filament reorganization into membrane 
ruffles and filopodia. This particular result would further strengthen the theory that actin
dynamics are subjected to redox regulation involving Rac and superoxide. Other Rac 
mutants have been described that either block interactions with gp91phoxor p67phox, both 
of which are subunits of an NAD(P)H oxidase-like complex.
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CHAPTER 6 
FUTURE RESEARCH APPLICATIONS
The results of the current study support the hypothesis that the proinflammatory 
cytokines, TN Fa and /or IL-1 (3, induce a transient reorganization of the actin 
cytoskeleton in the neuronal cell line SH-SY5Y and in chick spinal cord neuron growth 
cones, which critically requires Racl activity, and superoxide, produced by an NAD(P)H 
oxidase-like activity, as the redox signaling intermediate.
The knowledge obtained from this study could be used in the development of 
future treatments for CNS and spinal cord trauma. Possible treatments could include 
using the superoxide dismutase mimetic MnTBAP to remove the redox signaling 
intermediate, superoxide, and thus interrupt the cytokine-induced inflammatory process. 
The use of MnTBAP is promising due its excellent cell permeability, virtual absence of 
cytotoxicity, and easy introduction into the intact organism.
Another possible treatment could involve using gene therapies to introduce the 
dominant negative RacN17 protein into neuronal cells at or near the injury site. The 
RacN17 protein could then block the cytokine-induced, Racl-mediated transient 
reorganization of actin filaments, which occurs during the inflammatory process and 
ultimately results in arresting neuronal motility.
By interrupting the inflammatory response, neuronal cells would retain their 
ability to migrate within the damaged areas at the injury site, and they could subsequently 
regenerate their injured axons.
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Site-Directed Mutagenesis
The site-directed mutation o f the Racl V I2 gene to change the amino acid lysine 
at position 130 in the corresponding translated protein to an asparagine was performed 
using the QuikChange Site-Directed Mutagenesis Kit (Stratagene). Briefly, the 
QuikChange mutagenesis procedure uses 2 oligonucleotide primers that are 
complementary to each other, and contain the DNA sequence of 44 bases surrounding the 
desired mutation location within the gene of interest (Table 1).
The mutation was generated by a PCR procedure using a template Racl V I2- 
pShuttleCMV plasmid and the oligonucleotide mutation primers (Table 1). During PCR, 
a new copy of the plasmid was created containing the desired mutation. Following PCR, 
the old template plasmid DNA was digested leaving behind only the new mutant plasmid. 
The template plasmid DNA is Dam-methylated and the new plasmid is not, therefore the 
restriction enzymes only digest the template plasmid. The plasmid carrying the mutated 
Rac was then purified and sequenced to ensure that the desired mutation was successfully 
introduced. The QuikChange site-directed mutagenesis procedure was performed 
according to the manufacturer’s instruction with the following exceptions: the PCR 
mutation reaction contained 50 ng of dsDNA plasmid template and the PCR cycling 
parameters were 16 cycles with an extension time of 16 minutes.
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Table 1. Sequences of oligonucleotide primers used for site-directed mutagenesis of 
the RacV12 gene. The codon to change the amino acid at position 130 from a lysine to 
an asparagine is indicated by underlined red text.
Primer #1 
(sense)
5’ AGACACGATCGAGAAACTGAACGAGAAGAAGCTGACTCCCATCA 3’
Primer #2 
(antisense)
5’ GATGGGAGTCAGCTTCTTCTCGTTCAGTTTCTCGATCGTGTCT 3’
